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CHAPTER I
INTRODUCTION
High gasoline prices and increasing safety regulations have forced the
automotive industry to look beyond conventional steels to advanced high
strength steels such as dual phase (DP) steels. The higher strength steels allow
for thinner components which reduce the required vehicle weight, thereby
increasing the number of miles per gallon of gasoline consumption. DP steels
are of particular interest because they have a high ultimate tensile strength yet
are still formable. The DP steels have a high formability due to their relatively
high uniform elongation (UE) and their high initial (< 5% strain) instantaneous
strain hardening (n) value.1 The high initial instantaneous n-value allows the
strain to be distributed across larger volumes of material and delays the start of
local necking which results in DP having better formability.1 Another reason why
DP steels are of particular importance to the automotive industry is that they
exhibit higher energy absorption up to necking compared to conventional low
carbon steels.2
The term “dual phase” was first coined in the 1970s for steel containing
ferrite and martensite.3 Modern DP steels usually contain less than 5% of non1

ferritic and martensitic phases such as pearlite, bainite, and retained austenite.
The first DP steels were first developed in the mid 1960s; however, since the
research was geared towards improving the strength of the steels, none of the
researchers recognized or researched the potential for improved formability in
the ferrite-martensite steels.3 In the early 1970s the automotive industry, spurred
by new safety regulations and high gasoline prices, desired strength-ductility
combinations substantially better than existing grades of high strength steel to
enable the forming of complex parts out of higher strength steel. Research in
this area by Rashid3 with inter-critically annealed, micro-alloyed DP steels
showed far better formability than any previously reported high strength sheet
steels.

These new steels represented a breakthrough in high strength steel

development, exhibiting continuous deformation with higher strength and ductility
than carbon steels consisting of a ferrite/pearlite microstructure. While it was
later shown that a DP microstructure by itself was not enough to guarantee good
formability, the objective of good formability combined with high strength has
been demonstrated by proper control of steel composition and process
variables.3
While the DP steels were intensively researched in the 1970s during the
first energy crisis, the interest in these materials practically disappeared in the
1980s due to a sharp decline in inflation-adjusted fuel prices as shown in
Figure 1.1. With gasoline prices lower, the automobile manufactures had little
incentive to invest resources to remake their equipment to process DP steels. In
2

recent years, the increased safety regulations, gas prices, and steel prices has
again increased the incentive for automobile manufacturers to switch to nonconventional steels.

Figure 1.1 shows that on June 11th, 2007, the inflation

adjusted gas prices exceeded the high of the 1970s. 4

High strength steels,

mainly DP steels, are expected to account for 60% to 70% of the total weight of
2007-2008 models of Honda, Toyota, and Nissan vehicles.5

Figure 1.1

Inflation Adjusted Annual Average Pump Price per Gallon of
Gasoline4

Previous researchers6,

7, 8, 9, 10, 11, 12, 13

have tested DP 600 up to strain

rates of 103 s-1 and have found some very interesting properties which will be
3

further investigated in this study. One interesting property of DP 600 is that its
ultimate tensile strength (UTS) shows a 20% more per order of magnitude
increase in strain rate averaged from 10-3 s-1 to 103 s-1 than other steels of similar
strength.7 Another area where DP 600 outperforms similar steels is the amount
of energy it can absorb up to 10% strain at different strain rates. The energy
absorption to 10% strain is commonly used as an automotive material energy
absorption measure for car crashes.7
The object of this thesis is to characterize the micro-structural changes
occurring in DP 600 at very high strain rates. The method selected to produce
the very high strain rates was normal impact of a hardened steel penetrator into
DP 600 steel sheet. The average strain rates produced from this method are on
the order of 105 s-1, although the local strain rates can be much higher. The
micro-structure was characterized using several different methods in order to
determine the micro-structural changes of DP 600 under high strain rate
deformation.

4

CHAPTER II
LITERATURE REVIEW
2.1 Overview of Steel Types
Steel is one of the most cost effective metals with an annual consumption
of more than a billion tons.14 Steel has remained an important material because
of the large range of properties and microstructures that can be produced. Due
to the large variety of steels, a selection of 11 different classes of steels will be
reviewed to summarize the scope of modern steels. These 11 steels cover a
range of strengths and elongations as shown in Figures 2.1 and 2.2 for yield and
ultimate strength, respectively.15

5

Figure 2.1

Relationship Between Yield Strength and Total Elongation for
Various Types of Steels15

Figure 2.2

Relationship Between Ultimate Tensile Strength and Total
Elongation for Various Types of Steels15

The various types of steels shown in Figures 2.1 and 2.2 are:
Interstitial Free (IF) Steel – IF steels are very clean ferritic steels which
have very low weight (wt.) percent carbon contents (C < 0.005 wt. %).16 IF steels
are designed for low yield strengths and a high work strengthening exponent.15
6

Mild Steel – Mild steels consist of a ferritic and pearlite microstructure and
are the most widespread of the steels in application and production.15
Interstitial Free High Strength (IF-HS) Steel – IF-HS steels are IF steels
which have been strengthened for higher yield and tensile strength by a
combination of strengthening mechanisms such as solid solution strengthening,
precipitation strengthening, and grain size strengthening.15
Isotropic (IS) Steel – IS steels have a ferritic microstructure with an
isotropy ratio, r, of unity to reduce the earing tendencies when forming.15
Bake Hardenable (BH) Steel – BH steels have a ferrite microstructure
which is solid solution strengthened to increase yield strength during paint
baking.15
Carbon Manganese (C-Mn) Steels – C-Mn steel is a higher strength
steel which is solid solution strengthened with manganese.15
High Strength Low Alloy (HSLA) Steels – HSLA steel is strengthened
with micro-alloying elements which contribute to refined grains with a fine carbide
precipitation.15 HSLA steel is a low carbon, high manganese steel alloyed with
niobium, vanadium, and titanium to form precipitates.12

The resulting

microstructure of HSLA steels is a ferrite/pearlite microstructure with precipitates.
Dual Phase (DP) Steels – DP steels consist of a ferrite matrix with
martensite islands. DP steels are essentially low carbon (C: 0.05 - 0.29 wt. %)
steels that have been inter-critically annealed to produce a ferrite/martensite
structure. The desired microstructure can be created with many different alloying
7

element combinations.

One common alloying combination for DP steels is

relatively large amounts of alloying elements such as 1 – 2 wt. % manganese
and 0.05 - 2 wt. % silicon as well as approximately less than or equal to 0.5 wt. %
of other micro-alloying elements such as vanadium, titanium, molybdenum, and
nickel.12 Some other common DP steels contain 0.08 – 0.2 wt. % carbon and
0.5 – 1.5 wt. % manganese with 0.5 wt. % chromium and 0.2 to 0.4 wt. %
molybdenum.14 The relatively soft ferrite phase gives the DP steels high ductility
while the martensite islands create a high work-hardening rate.15
Complex Phase (CP) Steel – CP steel has a microstructure with a
ferrite/bainite matrix with small amounts of martensite, retained austenite, and
pearlite. CP steels are similar to DP steels in ultimate tensile strength although
for equal tensile strength they have higher yield strength.15
Transformation Induced Plasticity (TRIP) Steels – TRIP steels consist
of a ferrite matrix with retained austenite and hard phases such as martensite
and bainite.

Typical ranges of alloying elements in TRIP steels include

0.10 – 0.40 wt. % carbon, 1 – 2 wt. % manganese, and 1 – 2 wt. % silicon.17
TRIP steels are available in similar strengths as DP steels but they exhibit higher
uniform elongation at the same strength levels.15
Martensitic (MS) Steel – MS steel has a martensite matrix structure with
small amount of ferrite and/or bainite. MS steels are the strongest of steel types
and have ultimate tensile strengths as high as 1700 MPa.15

8

The class of steels referred to as Advanced High Strength Steels (AHSS)
which includes DP and TRIP steels commonly uses the following practice to
identify materials:
XX aaa/bbb

where,

XX = Type of Steel
aaa = minimum YS in MPa
bbb = minimum UTS in MPa

In example, DP 350/600 has a minimum yield strength of 350 MPa and a
minimum ultimate tensile strength of 600 MPa. When DP or TRIP steels are
identified by only one number such as TRIP 600, the number represents the
minimum ultimate tensile strength of the material. When other materials such as
HSLA 350 are identified with only one number, the number represents the
minimum yield strength of the material. The designation system is used because
the majority of the research of these materials was performed before the SAE
designations were created.
2.2 Comparison of Similar Steels with DP Steel
The push in the automotive industry to produce lighter weight, more fuel
efficient vehicles which meet more stringent safety regulations has forced the
automotive industry to look beyond conventional steels. The International Iron
and Steel Institute (IISI) has funded a series of initiatives offering steel solutions
to address the issue of increasing fuel efficiency of automobiles while
simultaneously improving safety and performance and maintaining affordability.
9

One of these initiatives, which was completed in 2001, is the UltraLight Steel
Auto Body, Advanced Vehicle Concepts (ULSAB-AVC) program.18

Porsche

Engineering Services, Inc. (PES) was commissioned to work on the project and
to design two vehicle concepts.

One vehicle concept was to represent the

European C-Class and be a five-seat, two-door hatchback. The other vehicle
concept was to represent the North American Midsize Class and be a five-seat,
four-door sedan.18
The goals of the ULSAB-AVC program allowed PES to considered new
grades of steels such as Advanced High Strength Steels (AHSS). The ULSABAVC body structure was designed using approximately 82% AHSS steels with
74% DP grades, 4% TRIP grades, and 4% being CP and MS steels. 18 In the
design of the vehicles it was found that the superior formability of TRIP steels
was unnecessary to manufacture the majority of the ULSAB-ABC components
which led to the large use of DP steels.18
Because DP steels are often compared to HSLA and TRIP steels of
similar yield and/or tensile strength, a comparison of several SAE grades of
available sheet steels are shown in Tables 2.1, 2.2, and 2.3. The steels which
are compared are low carbon steel (mild steel), DP, and HSLA steel.

The

properties which are compared are the yield strength (YS), ultimate tensile
strength (UTS), and the total elongation (TE). Although there is currently no SAE
grade available for TRIP steels, they are generally available in the same strength
grades as DP steel with the exception of greater uniform elongation. Although
10

DP 600 is not specifically an SAE grade of steel, it is generally considered in the
literature to be equivalent to SAE 600 DL1.
Table 2.1: Strength Grades of Low Carbon Steel19
SAE J2329
YS (MPa)
Grade 2
Grade 3
Grade 4
Grade 5

140 to 260
140 to 205
140 to 185
110 to 170

Min UTS
(MPa)
270
270
270
270

Cold Rolled
Min TE %
34
38
40
42

Table 2.2: Strength Grades of DP Steel19
SAE J2340
500 DL
600 DH
600 DL1
600 DL2
700 DH
800 DL
950 DL
1000 DL

Min YS
(MPa)
300
500
350
280
550
500
550
700

Min UTS
(MPa)
500
600
600
600
700
800
950
1000

Cold Rolled
Min TE %
22
14
16
20
12
8
8
5
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Table 2.3: Strength of HSLA Steel19
SAE J2340
YS (MPa)
300 X
300 Y
340 X
340 Y
380 X
380 Y
420 X
420 Y
490 X
490 Y
550 X
550 Y

300 to 400
300 to 400
340 to 440
340 to 440
380 to 480
380 to 480
420 to 520
420 to 520
490 to 590
490 to 590
550 to 680
550 to 680

Cold Rolled
Min UTS
Min TE %
(MPa)
370
24
400
21
410
22
440
20
450
20
480
18
490
18
520
16
560
14
590
12
620
12
650
12

A comparison of DP steels to HSLA and TRIP steels can be made by
evaluating the yield strength, ultimate tensile strength, total elongation, strain
hardening exponent (n), and uniform elongation (UE). These properties can be
calculated from a typical tensile test as shown in Figure 2.3. While all three
steels have approximately equal yield strengths, the ultimate strength of DP and
TRIP steels is much greater than HSLA steel. It should also be noted that DP
and TRIP steels do not display the upper/lower yield point effect of HSLA steel.
The instantaneous n-values of the different steels are shown in Figure 2.4.
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Figure 2.3

Tensile Test of a DP, TRIP, and HSLA Steel15

Figure 2.4

Instantaneous n-values versus Strain for a DP, TRIP, and HSLA
Steel15

The formability of the steel grades is another important factor in the
selection of steels. Several different factors attribute to good formability such as
high uniform elongation, low anisotropy, and the absence of Lϋders bands.
13

While DP 350/600 and HSLA 350/450 have similar instantaneous n-values in a
strain rate of 5 to 15%, the DP steel is more formable due to its higher strain
hardening rate up to 5% strain.1 The higher initial instantaneous n-value allows
the strain to be distributed across larger volumes of material and it delays the
start of local necking which results in DP having better formability. 1 TRIP steels
have a higher n-value throughout the deformation process which allows TRIP
steels to undergo greater values of strain before failure.15 DP steels have a
higher initial n-value than TRIP steels which helps prevent localized thinning and
allows DP steels to be stretch formed to sharper or deeper shapes than TRIP
steels.15
After forming, parts are often painted with the resulting strain and
temperature parameters influencing the resulting yield strength of the final
product. One way to quantify this affect is to strain the material to 2%, remove
the load, and then place the specimen in a paint/bake cycle at 170 °C for
30 minutes.15 The method used to calculate the amount that the material work
hardened (B minus A) and the amount that the material bake hardened
(D minus B) is shown in Figure 2.5. The results of HSLA, DP, and TRIP steels
with an initial yield strength of 350 MPa are shown in Figure 2.6.
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Figure 2.5

Measurement of Work Hardening and Bake Hardening Index15

Figure 2.6

Comparison of Work Hardening (WH) and Bake Hardening (BH) for
TRIP, DP, and HSLA steels15

Figure 2.6 shows that the DP 350/600 steel work hardens more than the
TRIP and HSLA steels. This is due to the higher strain hardening rates of DP
steels at low strains.15 The HSLA steel exhibited very little work hardening and
15

no bake hardening. Overall, the DP steel displayed the highest yield strength
after the 2% strain and subsequent bake hardening.
Another important factor in considering the effect of impacts on a design is
the effect of strain rate on the yield strength, tensile strength, uniform elongation,
and energy absorption capability of the material. The strain rate effect on the
yield, ultimate strength, and uniform elongation of a DP, TRIP, and HSLA steel is
shown in Figures 2.7, 2.8, and 2.9 respectively.

Figure 2.8 shows that the

ultimate strength of DP 350/600 and TRIP 350/600 increase similarly until the
region from 500 s-1 to 1000 s-1.

In this region, the ultimate strength of

DP 350/600 suddenly increases and differentiates itself from the TRIP 350/600
steel. The TRIP steel did not strengthen as much at high strain rates as other
steels which was attributed to less retained austenite transforming to martensite
at high strain rates due to adiabatic heating.6 Figure 2.9 was modified from the
original source2 to remove all other materials except those of interest.
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Figure 2.7

Increase in Yield Strength for Various Steels as a Function of Strain
Rate15

Figure 2.8

Increase in Tensile Strength for Various Steels as a Function of
Strain Rate15
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Figure 2.9

Uniform Elongation for Various Steels versus Strain Rate2

In order to gain a greater understanding of the strain rate effect on steels,
the strain rate effect on mild steel is shown in Figure 2.10. Figure 2.10 shows the
lower yield stress of mild steel under a range of strain rates and temperatures. In
Figure 2.10, the distinct regions of behavior are labeled I, II, and IV. Region I is
bounded by low strain rates and high temperatures and is controlled by long
range (athermal) obstacles.6

In region II, strain rate and temperature

dependence increases and the lower yield stress is now controlled by short
range obstacles which can be overcome with thermal assistance. 6 At very high
strain rates (region IV), the strain rate dependence continues to increase and
may be due to the addition of other mechanisms which oppose dislocation
motion such as dislocation drag. Dislocation drag is controlled by the dissipation
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of energy as dislocations move though the lattice and interact with the thermal
vibrations of atoms and electrons.6

Figure 2.10 Variation of Lower Yield Stress of Mild Steel with Strain Rate at
Different Constant Temperatures6
An important factor selecting materials for applications such as
automotive, is the energy absorption to necking and the energy absorption at
10% strain.

The energy absorption at 10% strain is commonly used as an

automotive material energy absorption measure for car crashes and is
sometimes used as the maximum allowable deformation during a crash. 7 The
energy absorption at 10% strain and up to necking is shown in Figures 2.11 and
2.12, respectively, which were both modified to remove all materials except those
of interest. The energy absorption at 10% strain is the area under the stress19

strain curve up to 10% strain. The energy absorption up to necking (Enecking) is
calculated with Equation 2.1.7
Enecking

YS

UTS
2

UE

(2.1)

Figure 2.11 shows that DP 600 has superior energy absorption to 10% strain
compared to other steels with similar yield and tensile strength. This can be
attributed to DP steels higher instantaneous n-value at low strains. TRIP steels
have more energy absorption to necking due to their greater uniform elongation
as shown in Figure 2.12.

Figure 2.11 Energy Absorption at 10% Strain for Various Steels7
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Figure 2.12 Energy Absorption before Necking for Various Steels7
2.3 Phases of Steel
A brief overview of the stable and meta-stable phases of steel will be
presented. There are several stable phases of Fe-C steel including ferrite (α),
austenite (γ), δ-iron, and ε-iron (high pressure phase). The crystalline structure
and lattice parameters of each of the phases are shown in Table 2.4.
temperature-pressure diagram for pure iron is shown in Figure 2.13.14
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The

Figure 2.13 Temperature-Pressure Diagram for Pure Iron14
Table 2.4

Stable Phases of Fe-C Steel

Phase
Ferrite (α)
Austenite (γ)
δ-iron
ε-iron

Crystalline
Structure
BCC
FCC
BCC
HCP

Lattice Parameters
a
b
c
20
20
2.8664 2.8664 2.866420
3.659921 3.659921 3.659921
2.9214
2.9214
2.9214
2.4522
2.4522
3.9322

A volume change occurs when changing from one stable phase of pure
iron to another.

The volume change that occurs during phase changes is

important to consider when processing materials and during high pressure
deformation (such as ballistic impacts).

The best comparison of the relative

densities of the different phases in pure iron occurs at the triple point, which is
shown in Figure 2.13. At the triple point, all three phases coexist and the sum of
all of the volume changes is zero:14
22

ΔV (α (BCC) → ε (HCP)) = -.34 cm3 mol-1
ΔV (ε (HCP) → γ (FCC)) = +.13 cm3 mol-1
ΔV (γ (FCC) → α (BCC)) = +.21 cm3 mol-1
The addition of carbon to iron allows for the formation of several metastable phases of great engineering importance including pearlite, bainite,
martensite (α`), and cementite (Fe3C). These phases are meta-stable because
true equilibrium in a Fe-C steel is iron and graphite.14 Cementite was originally
believed to be stable when the Fe-C phase diagram was created, however, it
was later discovered that slow cooling prevents the formation of cementite. The
Fe-C phase diagram is shown in Figure 2.14 with the addition of labeling Ac1 and
Ac3. Ac1 is the γ to α + γ phase transformation line and Ac3 is the α + γ to α +
Fe3C phase transformation line. The crystalline structures of the meta-stable
phases of Fe-C steel are shown in Table 2.5.

23

Figure 2.14 Fe-C Phase Diagram23
Table 2.5
Phase
Pearlite
Bainite
Martensite
(α`)
Cementite
(Fe3C)

Meta-Stable Phases of Fe-C Steel
Crystalline
Structure
Alternating
Plates of Ferrite (BCC) and
Cementite (Orthorhombic)
Finer Layers of Alternating
Plates of Ferrite (BCC) and
Cementite (Orthorhombic)
BCT
Orthorhombic
24

The lattice parameters of the BCT structure of martensite are a function of
the carbon content as shown in Figure 2.15.24

Figure 2.15 shows the

experimentally determined c/a ratios for martensite reported by several different
researchers. Below approximately 0.59 wt% carbon, the c/a ratio is unity.24

Figure 2.15 c/a Ratio vs Carbon Content of Quenched Martensite in Fe-C
Steels25
The ε-iron phase is of particular interest because the pressures which
occur in ballistic impacts can exceed the α→ε phase transformation pressure.
When ferrite is subjected to a sufficiently large shock wave to cause the pressure
induced phase transformation, the BCC ferrite phase undergoes a diffusionless
transformation to HCP ε-iron. The phase transformation, which occurs during a
high pressure shock wave, is not complete for certain pressures (130 to
25

230 kilobars for unalloyed iron) and both the BCC and HCP phases temporarily
co-exist.25

When the pressure decreases sufficiently, another diffusionless

transformation occurs and the product is a BCC martensitic type phase.25 The
term “martensitic type phase” in this context is referring to an extremely fast,
diffusionless transformation and not that the transformation must follow the path
α→γ→α`.25
The martensitic type phase produced from the pressure induced α→ε→α`
phase transformation differs from regular martensite in several important
aspects.

One important aspect in which the pressure induced phase

transformations differ from the temperature induced phase transformations is that
the former contains a very high density of lattice defects and the latter can be
relatively perfect in structure.25 The result of the higher density of lattice defects
in

the

martensitic

phase

produced

from

a

pressure

induced

phase

transformation, is a more complex microstructure than formed after a
temperature induced transformation,25 as shown in Figures 2.16 and 2.17.
Another difference is that the plates in the martensitic type phase are thicker and
more widely spaced than the plates in the temperature induced martensite.25
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Figure 2.16 Structure of an Fe-4% Ni alloy, Shock Loaded to 164 Kilobars
Pressure, Showing Twin-Related Martensitic Plates25

Figure 2.17 Typical Structure in Fe-4% Cr, Shock Loaded to 275 Kilobars
Pressure25
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The pressure induced martensitic type phase transformation strengthens
the base material considerably. The diamond-pyramid hardness (DPH), in the
transformed and untransformed regions of a Fe-3% Si single crystal shock
loaded to 190 kilobars is shown in Figure 2.18. The same material shock loaded
at the same pressure with a different orientation is shown in Figure 2.19.
Figure 2.19 is at a location between the fully transformed and the untransformed
regions in an area with an inclusion.

The inclusion acts as a local stress

concentration

material

and

transformed

the

surrounding

the

inclusion.

Figure 2.20 shows the hardness of martensite as a function of carbon content.

Figure 2.18 Structure of Single Crystal of 3% Silicon Iron, Shock Loaded to
190 Kilobars Pressure25
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Figure 2.19 Hardness Readings near an Inclusion in a Shock-Loaded Fe-3% Si
Single Crystal. Shock Loaded to 190 Kilobars Pressure.25

29

Figure 2.20 The Effect of Carbon Content on the Hardness of Austenite and
Martensite14
2.4 Dual Phase Steels
There are several different common alloying combinations elements for
DP steels.

One class of DP steels contains 1 – 2 wt. % manganese,

0.05 – 2 wt. % silicon, and other small amounts of micro-alloying elements such
as vanadium, titanium, molybdenum, and nickel.12

Another class contains

0.08 - 0.2 wt. % carbon, 0.5 – 1.5 wt. % manganese, 0.5 wt. % chromium, and
0.2 – 0.4 wt. % molybdenum.14 Alloying with silicon and manganese displaces
the pearlite transformation nose of the Time Temperature Transformation (TTT)
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curve for a plain carbon increasing the transformation time in the DP steel, which
makes martensite formation easier and increases the hardenability of the steel.17
The DP microstructure can be obtained through many different intercritical annealing processes and the two most common processes, Process 1
and Process 2 shown in Figure 2.21, will be briefly outlined.

Inter-critical

annealing involves heating the steel between Ac1 and Ac3 temperatures (α + γ
region) as shown in Figure 2.14.
Process 1:
The initial steel is hot rolled, which forms a ferrite and pearlite
microstructure. After hot rolling the steel is then heated to the inter-critical region
(α + γ) for several minutes where small pockets of austenite form in the ferrite.14
The dominant nucleation sites for austenite when heated in this region are the
ferrite/cementite boundaries and the ferrite grain boundaries.17 The material is
then water quenched (W.Q.) sufficiently fast to transform the austenite into
martensite.14 The final microstructure is fine globular martensite dispersed at the
grain boundaries in a ferrite matrix.

Depending on the degree of martensite

formation, other phases such as pearlite, bainite, and retained austenite may
also be found.17 This process is the simplest way to form a DP steel14 and is the
most commonly used.
Process 2:
The initial steel is hot rolled which forms a ferrite and pearlite
microstructure. After hot rolling, the steel is then austenized and cooled into the
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inter-critical region (α + γ) where the ferrite nucleates and grows from unstable
austenite which results in a coarse two-phase morphology.17 The material is
then quenched sufficiently fast to transform the austenite into martensite. 14 The
final microstructure contains primarily coarse grained ferrite and martensite
although other phases such as pearlite, bainite, and retained austenite are
possible.17

Figure 2.21 Schematic Representation of Dual Phase Heat Treatment
Processes17
The end result of the inter-critical annealing and quenching process for DP
steels is a microstructure of mainly ferrite and martensite. When the austenite
phase transforms into martensite during cooling, the expansion of the FCC→BCT
phase change causes the ferrite phase to plastically deform. As a result of this
phase change, there are regions of high dislocation density and residual stresses
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surrounding the martensite particles.26 These dislocations are highly mobile and
are responsible for the continuous yielding and low yield strengths found in DP
steels.6
The effect of the inter-critical annealing process on the quasi-static tensile
strength of DP steel can be seen in Figure 2.22. Figure 2.22 shows two different
steels that were examined as hot-rolled and with the inter-critical annealing
process (which is denoted in Figure 2.22 as “Dual-Phase Treated”).

Figure 2.22 Effects of Rolled Steels DP Heat Treatment on Tensile Properties
of Hot-Rolled Steels27
As observed in Figure 2.22 the deformation behavior of the “Dual-Phase
Treated” steel is different from same steel hot-rolled.

“Dual-Phase Treated”

steels do not exhibit the yield-point phenomenon exhibited in the hot-rolled
steels. The yield-point phenomenon is common in low carbon steels.3 Yield33

point phenomenon is caused from excess carbon atoms in the steel14 and it is
detrimental to surface finishes due to the formation of Lϋders bands.

The

deformation behavior of the cold rolled inter-critically annealed DP steel depends
on several micro-structural features which can be altered with alloying elements
and processing.

These features of importance are the volume fraction of

martensite, the grain size and solution strengthening of ferrite, the martensitic
composition, and the distribution of the martensite grains within the ferritic
matrix.8 The work hardening rate of DP steels is influenced by the dispersion of
martensite particles, which serve as dislocation pile-up sites.

This theory is

supported by empirical evidence showing that martensite island refinement
correlates with the increasing work hardening rate.6

The relationship of the

volume fraction of martensite to the yield strength and ultimate strength is shown
in Figure 2.23.

Figure 2.23 Variation in Mechanical Properties at Quasi-Static Strain Rate of
Experimental DP Steels as a Function of Martensitic Content28
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DP steels have multiple deformation mechanisms which have an
important effect on their deformation behavior.

DP steels are reported to

undertake three distinct deformation processes. In the first stage, up to about
0.5% strain (as shown in A in Figure 2.24), both the ferrite matrix and martensite
particles deform elastically.29 In this region the work hardening is caused by
residual stresses being eliminated and back stresses being built up.6 During the
next stage, from approximately 0.5 to 4% strain (as shown in B in Figures 2.24
and 2.25), the ferrite phase deforms plastically while the martensite phase
continues to deform elastically.29 The strain hardening rate in this stage is due to
dispersion strengthening caused by the martensite islands. 6 From 4% strain on
(as shown in C in Figures 2.24 and 2.25), both the ferrite and martensite phases
deform plastically.29 The last stage strain hardening is due to the dislocation cell
structure formation in the ferrite phase and the martensite yielding.6 Figures 2.24
and 2.25 were modified from the original source15 to remove all other materials
except those of interest and to label the deformation stages.
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Figure 2.24 Stress-Strain Curve of DP 350/600 with Deformation Stages15

Figure 2.25 Instantaneous n-values versus Strain for DP 350/600 with
Deformation Stages15
The strength of DP at varying strain rates cannot be accurately described
by the rule of mixtures with ferrite and martensite. While the strain rate sensitivity
of DP steel was covered in section 2.2, the strain rate behavior of several
36

different volume fractions of martensite will be compared to the strain rate
behavior predicted by the rule of mixtures. Figure 2.26 shows the predicted and
actual flow stress in several different martensite volume fractions over a range of
strain rates.

The formula used to calculate the solid and dashed lines in

Figure 2.27 is given in Equation 2.2.28 In this equation, the martensite strength is
held constant at 1100 MPa and the ferrite strength is determined by IF steel
properties.
ζ F(ε, έ) = VM ζ M + (1 - VM) ζ α(ε, έ)
Where:
ζ F(ε, έ) – fracture stress as a function of strain (ε) and strain rate (έ)
ζ M – martensite failure stress
ζ α(ε, έ) – ferrite failure stress as a function of strain and strain rate
VM – the volume fraction of martensite
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(2.2)

Figure 2.26 Predicted (solid and dashed lines) and Actual Flow Stress for DP
Steels28
Figure 2.26 shows that the rule of mixtures is not a very accurate predictor
of the flow stress of DP steels at varying strain rates as shown by the differences
in the predicted versus actual flow stress. The actual flow stress of the 13%
martensite (the closest to DP 600) is higher at from 5*102 to 103 than the rule of
mixtures predicts.
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CHAPTER III
EXPERIMENTAL PROCEDURES
3.1 Strain Rate Ranges for Standard Test Methods
Common testing methods for the different strain rates regions are shown
in Figure 3.1.30 The standard testing method changes depending on the strain
rate range of interest. The higher the strain rate test method, the less information
that can be directly measured. Since previous reports of DP 600 were obtained
with Hopkinson Bar test,7, 9, 12 the material in this study was tested with normal
plate impact to achieve higher strain rates.
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Figure 3.1

Common Test Methods for Varying Strain Rates30

3.2 Taylor Anvil Tests
A schematic of a test set-up used to perform Taylor Anvil testing is shown
in Figure 3.2. The Taylor Anvil test is a common method used to achieve high
strain rate response.

Taylor Anvil testing is performed by machining the

specimen of interest into a penetrator. After machining, the specimen is then
propelled down a smooth barrel powder gun into a massive uncomplaint target.
The microstructure of the deformed sample along the firing axis provides
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information on varying strain rates the penetrator experiences as it is rapidly
stopped on impact.

Figure 3.2

Schematic Drawing of Taylor Anvil Test Set-up31

3.3 Normal Plate Impact Tests
The existing Taylor Anvil test set-up at the University of Alabama was
recently modified to perform normal plate impact tests. The Taylor Anvil test setup was modified by removing the massive uncomplaint target and replacing it
with a cylinder full of sand, then placing a target holder in front of the sand. The
specimens are held in place in front of the cylinder full of sand with a specially
designed specimen holder which is denoted by item 10 in Figure 3.3. The parts
of the laboratory schematic shown in Figure 3.3 are shown in Figures 3.4 and 3.5
in greater detail.
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During the test, the penetrator goes through the target material and into
the sand. Coarse foundry sand was used in the testing since it had previously
been characterized and an analytical model derived for the penetration depth into
sand of the penetrator as a function of impact velocity.32 The residual velocity of
the penetrator was determined by measuring the depth that it penetrated into
coarse foundry sand and using the analytical model to back calculate the velocity
with which the penetrator hit the sand. This method was used to calculate the
residual velocity because of the difficulty in using laser detection after the impact
of the penetrator through the plate when many different components are moving
through the beam. Some of the objects moving through the air after the impact
include the penetrator and the plug fragments. The laser system is not able to
differentiate between the projectile and the debris to provide an accurate velocity
reading.
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Figure 3.3

Laboratory Schematic of Normal Plate Impact Test32

1. Steel target canister
2. Steel target face
3. Smooth-bore gun tube 167 caliber, .167 inch diameter bore
4. Breech
5. Solenoid driver
6. Target sleeve in canister
7. Class 3A laser heads
8. Lenses which focus the laser beams on the projectile flight path
9. Receiving unit for laser beams with photomultiplier tubes
10. Target holder
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Figure 3.4

Gun and Target Components of Normal Plate Impact Test32

1. Steel canister into which the target sleeve (6) is inserted
2. Steel target face with small hole through which the projectile passes on impact
3. Smooth-bore gun tube (167 caliber)
4. Breech which screws over the chamber in the gun tube that holds the
Winchester 348 cartridge case
5. Solenoid driver that triggers the gun from outside the laboratory
6. Target sleeve that holds the coarse foundry sand. The sleeve is inserted into
the canister (1) prior to testing

Figure 3.5

Specimen Holder of Normal Plate Impact Test
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In order to hold the specimens of interest (25 mm by 25 mm by 2 mm) in
the specimen holder, an adapter was designed as shown in Figure 3.6. The
specimen was placed in the indentation in the adapter and then placed inside of
the target holder (10 in Figure 3.5) with the specimen nearest to the sand.
Spacers were used in between the specimen holding plate and the screws in the
target holder.

Figure 3.6

Specimen Adapter Holding Plate (All dimensions in inches)

Two different types of penetrators were made for the ballistic testing; one
with a flat nose and the other with a Caliper Radius Head (CRH) .5 nose. The
penetrators were machined from 4340 steel rod, heated at 843 °C for 1 hour, and
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then quenched in mineral oil to obtain a hardness of HRC 53 - 55. The final
surface finish on the penetrators was obtained with 600 grit sand paper. The two
types of penetrators are shown in Figures 3.7 and 3.8.

Figure 3.7

Flat Penetrator (All dimensions in inches)

Figure 3.8

CRH .5 Penetrator (All dimensions in inches)
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The sand was prepared by filling the plastic tube (Item 6 in Figure 3.4)
with coarse foundry sand and shaking it down for consistency. 32 A thin plastic
film was placed over the plastic tube full of sand to prevent any sand from spilling
when it is placed horizontally. The plastic tube full of sand was then inserted into
the steel canister (Item 1 in Figure 3.4). Next, the steel circular end cap (Item 2
in Figure 3.5) with target holder (Item 10 in Figure 3.5) was screwed onto the
steel canister. The steel canister with cap attached was then placed into a mount
as shown in Figure 3.3.
Before the testing, the penetrators were weighed and measured.

The

weight of the penetrator was used to estimate the amount of black powder
needed to reach the desired velocity.

The amount of Green Dot Shotgun

Powder © used per shot ranged from 3.0 to 18.0 grains. A small amount of
powder was used because any powder which did not burn up in the barrel would
pass through the laser velocity detection system, adding noise and sometimes
making the initial velocity unreadable. Thus, it was very important to use up all of
the powder in propelling the projectile. Since the penetrators were slightly under
sized, an obturator was used to prevent excessive blow by and scatter in the
initial velocity measurement.
After the black powder was loaded into the Winchester 348 cartridge case,
the cartridge case was loaded into the breach (Item 4 in Figure 3.4) after the
breach was screwed onto the smooth bore barrel (Item 3 in Figure 3.4). The
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solenoid (Item 5 in Figure 3.4) was then attached to the breach and activated
electronically from a different room to ensure safety.
The initial velocity of the penetrator before it impacted the specimen was
determined with the laser velocity detection system shown in Figure 3.9. After
leaving the gun barrel, the penetrator passed through two parallel laser beams
which are normal to the flight and exactly 2” apart.32 When the penetrator broke
the laser beams, the time was registered on an Nicolet 450 oscilloscope as
shown in Figure 3.10. The initial velocity was calculated from the time between
beam breaks since the beams are exactly 2” apart. In order to improve accuracy
of the velocity measurements, the beam diameter in the flight path has been
reduced to approximately 0.1 mm wide with lenses as shown in Figure 3.9.32
The accuracy of the velocity measurement system was also improved by running
the Thorlabs DET210 high-speed photodetectors on batteries to increase the
response time and reduce signal noise.32
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Figure 3.9

Velocity Detection System32

Figure 3.10 Recording of Velocity from Laser Detectors
After the penetrator impacted the specimen and passed through it, the
penetrator hit the sand in the tube and went a certain depth into the sand. The
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penetrator was recovered by carefully removing the sand until the back end of
the penetrator was found and the depth was measured. After the depth of the
penetrator was found, the penetrator length was added to it to give the total
penetration depth (S). The depth into the sand the penetrator traveled is related
to the residual velocity, size, nose geometry, and mass of the penetrator. Coarse
foundry sand was used in the testing since it had previously been characterized
and an analytical model derived for the penetration depth as a function of
residual velocity.32 The equations used to calculate the residual velocity from the
penetration depth are included in Appendix A.
3.4 Ballistics Calculations
Due to the complex nature of ballistic impacts, only a few simplified
parameters will be calculated. Several simplifying assumptions had to be made
for the calculations in Equations 3.1 through 3.6. These simplifying assumptions
are:
The thickness of the plate in the vicinity of the penetrator impact does not
change during impact
The mass of the penetrator is the same before and after impact
The penetrator absorbed no energy
The energy absorbed by the plate is only absorbed locally at the impact
location
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The energy absorbed by the plate is equal to the work exerted on the plate
by the penetrator
Using these simplifying assumptions, equations can be developed for the
parameters of interest as given in Equations 3.1 through 3.6. The average strain
rate is the average velocity divided by the thickness of the plate as shown in
Equation 3.1. The energy absorbed is the difference in kinetic energy of the
penetrator before and after impact as shown in Equation 3.2.

The energy

absorbed per unit volume is the energy absorbed divided by the volume of
material effected by the impact as shown in Equation 3.3. The work exerted on
an object is the force acting on the object times the distance the force acts on the
object as shown in Equation 3.4. Since the energy absorbed is equal to the work
exerted by the penetrator, Equation 3.5 can be derived from Equation 3.4.
Equation 3.6 can be derived from Equation 3.5 since the average pressure is the
average force divided by the area impacted by the penetrator. The equation for
the average pressure (Pavg) only applies to the flat penetrators.
έavg = .5*(Vi + Ve)/t

(3.1)

Eabsorbed = .5*m*(Vi2 - Ve2)

(3.2)

Eperunitvolume = Eabsorbed/(t*π*(.5*C)2)

(3.3)

Work = Favg*t

(3.4)

Favg = Eabsorbed/t

(3.5)

Pavg = Favg/(π*(.5*Di)2)

(3.6)
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Where:
έavg – the average strain rate through the material
t – the thickness of the material
Vi – the impact velocity of the penetrator
Ve – the residual velocity of the penetrator
Eabsorbed – the energy absorbed by the plate during the impact
Work – the amount of energy transferred to the plate by the penetrator
m – the mass of the penetrator
Favg – the average force acting on the plate during impact
Eperunitvolume – the energy absorbed by the plate per unit volume
C – the diameter of the hole in the plate at the site of the initial impact of
the penetrator
Di – the initial diameter of the penetrator
3.5 Tensile Testing
The mechanical properties of the 2 mm thick, as-received sheet of coldrolled DP 600 were obtained from uniaxial tension tests. The tensile specimens
were prepared as shown in Figure 3.11 and in accordance to ASTM E8. Testing
was performed on an Instron 5869 electro-mechanical machine. Two specimens
were tested with a constant cross-head extension of 0.2 in/min.
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Standard Specimen SheetType, ½-in. Wide

Dimensions, in.

_______________________________________________________________________________________

G – Gage length
W – Width
T – Thickness
R – Radius of fillet, min
L – Over-all length, min
A – Length of reduced section, min
B – Length of grip sections, min
C – Width of grip section, approximate

2.000 ± 0.005
0.500 ± 0.010
0.0775
½
8
2¼
2
¾

_______________________________________________________________________________________

Figure 3.11 ASTM E8 Standard Sheet Type Specimen
An Instron 2630-100 series extensometer with a 2 in gauge length was
used to measure the modulus. The cross-head extension data was used to
calculate the yield strength, ultimate strength, uniform elongation, and total
elongation.
3.6 Metallurgical Procedures
Specimens for viewing in the optical microscope (OM) and the scanning
electron microscope (SEM) were cold mounted using Buehler EPO-KWICK cold
mounting compound in 1.25 in diameter molds. The mounts were cured in a
vacuum to reduce air bubbles. After the mount was cured, the specimens were
metallographically prepared using a sequence of silicon carbide papers 240, 320,
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400, 600, and 800. The polishing was performed on rotating pads and polished
with 1 μm, 0.3 μm, and 0.05 μm alumina powder. After polishing, the specimens
were chemically etched. The specimens to be viewed in the optical microscope
were etched with a two part etchant. The specimen was first etched in 2% Nital
for 3 seconds, rinsed with water, and then etched with sodium meta-bisulfite
(SMB) for 25 seconds. The specimens to be viewed in the SEM were etched
with 2% Nital for 10 seconds and then rinsed in water. Carbon tape was used to
reduce charging of the epoxy mount within the SEM.

The separated plug

fracture surface had to be sputter coated with Au/Pd to reduce charging from the
embedded sand resulting from the impact into the sand.
The as-received material of DP 600 was cut into squares approximately
25 mm by 25 mm by 2 mm thick. In order to characterize the microstructure of
the as-received material, the material was cut and mounted to view all three
sides of the specimen. The specimens used to analyze the initial microstructure
were cut with a metallurgical saw and then mounted. The size of the three
specimens is approximately 25 mm by 2 mm for two of the specimens and
15 mm by 10 mm for the other specimen.
After ballistic testing, the specimens were sectioned to view with several
different microscopy techniques. The specimens were cut into four pieces with a
water cooled diamond metallurgical saw. The size of each of the four pieces and
the method used to examine it are shown in Figure 3.12. The projectiles caused
a shearing type failure of a plug of metal which produced the hole shown in
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Figure 3.12. Two optical and SEM specimens were used so that one can be
mounted and polished parallel to the thickness of the plate and one can be
mounted perpendicular to the thickness of the plate.

Figure 3.12 Specimen Cutouts for Microscopes
3.7 Optical Microscopy and Scanning Electron Microscopy
Both an Optical Microscope (OM) and a Scanning Electron Microscope
(SEM) were used to characterize the microstructure of the initial and deformed
specimens. The OM used was a Leica DMI 5000M inverted OM which was also
used to examine the quality of polished surface. The SEM used was a JEOL
JSM-6500F field emission scanning electron microscope.
3.8 Transmission Electron Microscopy
The Transmission Electron Microscope (TEM) specimens were prepared
by using a series of processes to thin the material from a bulk sample to electron
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transparency. The specimens were cut out of the square plates as shown in
Figure 3.13.

Once these plates were cut, the entire piece was thinned down to

approximately 150 μm thick with 240 grit sand paper. After the TEM portion of
the plate was thinned down, a 3 mm disk was cut out of the thinned down plate
as shown in Figure 3.13.

Figure 3.13 TEM Specimen Cut-out
After the 150 μm by 3 mm disk was removed, it was dimple grinded on
both sides for further thinning.

The dimple grinding was carried out on a

Fischione Instruments Model 200 dimple grinder. The specimen was mounted
on the mounting plate with a thin layer of wax and then the machine was zeroed
on top of the specimen. A 15 mm stainless steel wheel was used to dimple grid
the specimen. The specimen was ground down ~65 μm while working through
the different grinding paste down to 0.5 μm. When the desired depth had been
achieved, the specimen was then removed, cleaned and remounted on the other
side. The same procedure was followed to dimple grind the other side leaving a
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final thickness of approximately 20 μm in the center of the TEM disk. After the
dimple grinding was completed, the sample was ion milled to electron
transparency with a Fischione Instruments Model 1010 Low Angle Ion Milling and
Polishing System. The specimens were thinned using the series of steps shown
in Table 3.1.
Table 3.1

Ion Milling Steps for 20 μm Thick DP 600
Time
(hrs)

Step 1
Step 2
Step 3
Step 4

10
10
10
15

Milling
Angle
(deg)
25
20
15
10

Voltage Current
(V)
(mA)
4
4
4
4

5
5
5
5

After the specimens were ion milled, they were checked with an optical
microscope to make sure that a hole had been produced in the specimens. A
JEOL JEM-100CS II (Transmission Electron Microscope) was then used to
examine the specimens at an accelerating voltage of 100 keV.
3.9 X-Ray Diffraction
In addition to the other methods, the samples have been analyzed using
X-Ray Diffraction (XRD).

Two XRD machines were used for the material

characterization. One of the machines was a Rigaku Smart-Lab with a rotating
anode and the other was a Rigaku Ultima-III with a standard Cu tube. Both
machines had a Cu Kα radiation source, a graphite monochromator, and both
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were set with beam excitation of 40 kV and 30 mA.

The Smart-Lab had a

parallel-beam configuration and the Ultima-III had a Bragg-Brentano beam
configuration.

The Ultima-III was used to characterize the as-received

microstructure and to scan the plug sections for retained austenite percent
content. The Smart-Lab was used to scan the edge of the plate fracture surface
for retained austenite percent content.
The XRD samples were prepared by sanding with 600 grit sand paper and
then cleaned. The plugs were sectioned through the middle and smoothed by
sanding.

The polished face was scanned with the Ultima-III.

The fracture

surfaces of the plates were scanned by placing the specimens in the Smart-Lab
as shown in Figure 3.14.
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Figure 3.14 Plate Fracture Surface XRD Set-up
Using XRD it was possible to determine the phases present and the
approximate volume content of those phases, such as retained austenite, which
may be difficult to determine by other methods. In order to determine the percent
retained austenite, the specimens were scanned over a narrow 2θ range as
described in Table 3.2.
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Table 3.2

XRD Test Parameters
2θ Range
deg/step
(degrees)

deg/
min

SmartLab (Plate
Fracture Surface)

64 to 66,
72 to 76

Height
Limiting Slit
(mm)

0.04

0.12

2

SmartLab (Asreceived Material)

64 to 66,
72 to 76

0.04

0.12

2

64 to 66,
72 to 76

0.02

0.02

5

40 to 100

0.02

0.05

10

Ultima-III
(Seperated
Plug)
Ultima-III (Asreceived
Material)

The percent of retained austenite can be determined by finding the area
under one ferrite peak and one austenite peak.

The peaks chosen for the

determination of retained austenite in this study are the (200) ferrite peak and the
(220) austenite peak. The integrated area under these peaks can then be used
to calculate the percent retained austenite with Equation 3.7.33
X

Ihkl
RIR Irel

1

(3.7)

Ihkl

Ihkl

RIR Irel

RIR Irel

Where:
Xγ – the percent content of retained austenite
Ihklγ – the integrated peak area of the austenite peak
Irelγ – the relative intensity of the austenite peak
RIRγ – the reference intensity ratio of austenite to corundum
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Ihklα – the integrated peak area of the ferrite peak
Irelα – the relative intensity of the ferrite peak
RIRα – the reference intensity ratio of ferrite to corundum
The RIR values are constant for each phase with a given radiation source.
The Irel values vary with radiation source, 2θ angle, and preferred grain
orientation. These values are given in Table 3.3.
Table 3.3

Retained Austenite Calculation Parameters for Cu Radiation

RIR
Austenite 7.9821
Ferrite 11.9120

Irel (%)
17.921
13.720

(hkl)
(220)
(200)

The percent content of retained austenite calculated with Equation 3.7 is
an approximation because the RIR and Irel values used are from the Powder
Diffraction Files20, 21 and were not determined in the study.33 Also the preferred
orientation of the ferrite and austenite will not be accounted for since the Irel
values are from Table 3.3.
In XRD, a beam of X-rays is diffracted by the target material. The angle at
which the beam diffracts is directly related to the crystalline structure of the
material. The relationship between the angle of the diffracted beam, the interplaner spacing, and the wavelength of the radiation source is given by Bragg’s
Law and is shown in Equation 3.8.34 The equation for inter-planar spacing of
orthorhombic crystalline structures is given in Equation 3.9.34
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(3.8)

2 dhkl sin
1
d hkl

h
2

a

2

2

2

k
b

2

2

l

c

(3.9)

2

In Equations 3.8 and 3.9 the variables have the following meanings:
a, b, c – the lattice parameters; for cubic system a = b = c
(h k l) – a particular plane
dhkl – the inter-planar spacing
θ – the angle between planes
λ – the wavelength of the radiation source
3.10 Wavelength Dispersive X-Ray Fluorescence (WDXRF)
A standard-less WDXRF analysis was performed on the as-received
DP 600. The WDXRF machine used was a Rigaku Primini. The machine was
capable of detecting elements from Fluorine to Uranium and thus was not able to
determine the carbon content.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1 Tensile Test Results
To verify material properties, two tensile tests were performed on the
as-received material. Both of the tensile bars were cut along the rolling direction
and the engineering stress strain diagrams and true stress strain diagrams of
both tests are shown in Figures 4.1 and 4.2 respectively.

Figure 4.1

Engineering Stress Strain Diagrams (Based on Cross-head
Extension)
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Figure 4.2

Log-Log True Stress Strain Diagrams with n-value (Based on
Cross-head Extension)

The material properties and energy absorption to necking were calculated
using Equation 2.1 from the cross-head extension and are shown in Table 4.1.
The energy absorption to failure is the area under the stress strain diagram. The
energy absorption to necking results from the tension test performed is
approximately 30 to 40% higher than shown in Figure 2.12.
Table 4.1

Tension Test Properties
Yield (MPa) UTS (MPa) UE (%) TE (%)

Test A
Test B

375
378

614
613

22.5
21.4
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29.0
27.8

Enecking
Efailure
(J/mm^3) (J/mm^3)
0.111
0.106

0.160
0.152

4.2 Wavelength Dispersive X-Ray Fluorescence
A standard-less WDXRF analysis was performed on the as-received
material. Because there is no standard regarding the alloying element ranges for
this grade of steel, there are many different alloying combinations commonly
used to produce DP steels. The percent content of major alloying elements
(wt. % > .5) found with WDXRF is 1.02 wt. % Manganese and .73 wt. % Silicon.
The Iron content was found to be 97.9 wt. % indicating the total amount of
alloying elements was approximately 2 wt. %. These amounts are within the
range commonly classified as DP steels, summarized in Section 2.1.
4.3 Ballistic Tests
The ballistic tests were performed with the test parameters and results
summarized in Tables 4.2 and 4.3.
Table 4.2

Flat Nose Test Parameters and Results
Vi (m/s) Di (in)

m total
Ve (m/s)
(grams)

Test #

L (in)

2

1.003

583.9

0.162

2.62

250

8

1.010

356.3

0.162

2.64

171

10

1.010

254.0

0.162

2.62

62

14

1.010

635.0

0.162

2.62

208
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Table 4.3

CRH .5 Nose Test Parameters and Results
m total
Ve (m/s)
(grams)

Test #

L (in)

Vi (m/s)

Di (in)

3

1.005

643.0

0.162

2.57

336

5

1.010

508.0

0.162

2.56

180

6

1.008

327.7

0.162

2.57

181

9

1.009

256.6

0.162

2.57

108

15

1.008

523.7

0.162

2.56

329

The data in Tables 4.2 and 4.3 were used to calculate the average strain
rate, energy absorbed, energy absorbed per unit volume, and average pressure
using Equations 3.1, 3.2, 3.3, and 3.6, respectively.
calculations are shown in Tables 4.4 and 4.5.
Table 4.4

Flat Nose Penetration Results
Energy
Absorption
(J)

Test #

έavg
(1/s)

2

2.12 x 10

8

1.34 x 10

10
14

Energy
Absorption per Pavg
Unit Volume (GPa)
(J/mm^3)

5

364.8

11.67

13.92

5

129.2

4.76

4.93

4

79.5

2.96

3.03

5

471.5

15.09

18.00

8.02 x 10
2.14 x 10

66

The results of the

Table 4.5

CRH .5 Nose Penetration Results

Test #

έavg
(1/s)

3

2.48 x 10

5

1.74 x 10

6

1.29 x 10

9

9.25 x 10

15

2.16 x 10

5
5
5
4
5

Energy
Absorption
(J)

Energy
Absorption per
Unit Volume
(J/mm^3)

386.3

13.88

288.8

11.20

95.9

3.71

69.6

2.63

212.5

7.64

The results shown in Tables 4.2 through 4.5 can also be viewed
graphically to evaluate the effects of different parameters such as impact
velocity, residual velocity, energy absorption, energy absorption per unit volume,
and average strain rate as shown in Figures 4.3 through 4.7. Figure 4.3 shows a
decreasing slope of the residual velocity versus the impact velocity as the impact
velocity increases. This decreasing slope can be associated with the materials
increasing resistance to penetration. The residual velocity of the flat penetrators
is also lower than the CRH .5 penetrators at higher impact velocities.
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Figure 4.3

Residual Velocity vesus Impact Velocity

In Figure 4.4, the slope of the energy absorption versus impact velocity
increases as the impact velocity increases. The increase in slope indicates that
the energy absorption of the material increases at a faster rate the the increase
in impact velocity.

Figure 4.4 also shows that the energy absorption of the

CRH .5 penetrators is less than the energy absorption of the flat penetrators at
high impact velocities. When same data is observed as the energy absoption per
unit volume versus impact velocity, as shown in Figure 4.5, then the energy
absorption per unit volume for the flat and CRH .5 penetrators appear to closely
match.
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Figure 4.4

Energy Absorption versus Impact Velocity

Figure 4.5

Energy Absorption per Unit Volume versus Impact Velocity
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The energy absorption and the energy absorption per unit volume can
also be plotted as a function of average strain rate as shown in Figures 4.6 and
4.7 respectively. Figure 4.6 shows that the slope of the energy absorption versus
the log of the average strain rate drastically increases as the average strain rate
increases. This sudden increase in energy absorption of the material coincides
with the average pressure for the flat penetrator exceeding the 13 GPa high
pressure phase transformation for iron.

The energy absorption of the flat

penetrators is higher than the energy absorption of the CRH .5 penetrators.
Figure 4.7 shows the energy absorption per unit volume versus the log of the
average strain rate. The trends of Figure 4.7 are similar to Figure 4.6 except that
the energy absorption per unit volume of the flat penetrators is closer to the
CRH .5 penetrators.
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Figure 4.6

Energy Absorption versus Average Strain Rate

Figure 4.7

Energy Absorption per Unit Volume versus Average Strain Rate
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After the ballistic tests were conducted, the macroscopic deformation of
each specimen and penetrator was recorded. A characteristic plate specimen
after ballistic impact is shown in Figure 4.8. In Figure 4.8 the “Front” is the
location of the initial impact and the circular mark on the back side of the
specimen around the exit hole is from the test fixture. In Figure 4.8, the right side
of the “Side” view is the “Front” and the left side is the “Right”. A schematic of
the side section view of a typical specimen is shown in Figure 4.9, with the
measurement location labeled.

The top of Figure 4.9 is the “Back” and the

bottom is the “Front”. Figure 4.10 shows typical deformation patterns for the
penetrators.

Figure 4.8

Typical Target Deformation
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Figure 4.9

Schematic of Post Test Macroscopic Deformation Measurements

Figure 4.10 Typical Penetrator Deformation
For the deformed penetrators, two measurements were taken, Df and Lf,
which are the deformed diameter and the total length after deformation,
respectively.

A summary of the deformation results for the flat and CRH .5

penetrators are shown in Tables 4.6 and 4.7, respectively.

The deformed

dimensions of the penetrators show that the penetrators did not deform enough
to absorb a significant amount of energy and thus the energy absorption of the
penetrators can be neglected. The deformed dimensions of the target material
are used for the calculation of the energy absorption per unit volume and can
also be used to verify material constants in a Finite Element Analysis of the
penetrator/plate impact.
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Table 4.6

Flat Nose Plate and Penetrator Deformation (All Dimensions in
inches)

Test #

A

B

C

D

t

Df

Lf

2

0.127

0.186

0.177

0.0885

0.0775

0.188

0.974

8

0.136

0.173

0.165

0.096

0.0775

0.170

1.002

10

0.134

0.170

0.164

0.102

0.0775

0.166

1.004

Table 4.7

CRH .5 Nose Plate and Penetrator Deformation (All Dimensions in
inches)

Test #

A

B

C

D

t

Df

Lf

3

0.163

0.177

0.167

0.088

0.0775

0.169

0.988

5

0.140

0.171

0.165

0.090

0.0775

0.169

0.999

6

0.174

0.163

0.161

0.110

0.0775

0.164

1.005

9

0.214

0.170

0.163

0.141

0.0775

0.163

1.003

4.4 Fracture Surface
4.4.1 Overview of Fracture Surface
From the ballistic tests four specimens, numbers 2, 3, 9, and 10, were
chosen for further micro-structural characterization. A pair of flat (2 and 10) and
CRH .5 (3 and 9) penetrators were selected from the low (9 and 10) and high
(2 and 3) velocity tests.

The samples were sectioned as described in

Figure 3.12. After sectioning, images of the fracture surface and the separated
plug from each specimen were taken with a low magnification camera.
Figures 4.11 through 4.14 show the separated plugs in two views (impact side
and opposite of the impact) and show the fracture surface of the plate
specimens. The fracture surfaces and separated plugs show some important
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results. The surface of the plate specimens are usually discolored (which can be
attributed to heat) and have smooth regions (which can be attributed to heat and
friction from the penetrator passing through the plate). The separated plugs also
indicate the overall type of failure. The plugs that were impacted by the flat
penetrators are mostly intact with little overall deformation (especially the low
speed test) and show a shearing type failure.

Figure 4.11 Plate Fracture Surface and Separated Plug of Specimen #2. Flat
Penetrator at High Velocity (584 m/s)
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Figure 4.12 Plate Fracture Surface and Separated Plug of Specimen #3.
CRH .5 Penetrator at High Velocity (643 m/s)

Figure 4.13 Plate Fracture Surface and Separated Plug of Specimen #10. Flat
Penetrator at Low Velocity (254 m/s)
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Figure 4.14 Plate Fracture Surface and Separated Plug of Specimen #9.
CRH .5 Penetrator at Low Velocity (257 m/s)
The fracture surfaces of the plugs shown in Figures 4.11 through 4.14 are
summarized in Table 4.8. The most important result from the separated plug
fracture surfaces is that the direction of the fracture surface of the plugs is
independent of the impact velocity and only depends on the penetrator nose
geometry.
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Table 4.8

Separated Plug Fracture Surfaces

Test #

Nose
Shape

2

Flat

3

CRH .5

10

Flat

9

CRH .5

Separated
Plug Fracture
Surface
parallel to
impact
direction
perpendicular
to impact
direction
parallel to
impact
direction
severe
deformation
with localized
thinning

Relative
Impact
Velocity
High
High
Low

Low

All plate fracture surfaces displayed localized thickening at the penetrator
exit. The percent increase of the thickness is an indication of strain to failure and
is shown in Table 4.9. The increase of the thickness provides a better estimate
of the strain to failure of the plates impacted with flat penetrators than plates
impacted with CRH .5 penetrators due to bending moment effects of the material.
From Table 4.9 two main observations are evident. The first observation is that
the fracture surface became more elongated as the impact velocity increased,
which may be a result from localized heating increasing the strain to failure. The
second main observation is that the fracture surface elongation was highly
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dependent on the nose geometry of the penetrator, with the CRH .5 penetrator
causing a larger increase in elongation of the fracture surface.
Table 4.9

Expansion of Thickness of Plate Fracture Surfaces

Thickness Relative
Test # Nose Shape Expansion Impact
(%)
Velocity
2
Flat
36
High
3
CRH .5
57
High
10
Flat
19
Low
9
CRH .5
40
Low
4.4.2 SEM of Fracture Surface
The fracture surface of both the plate and the separated plug were
examined under a SEM. The plate fracture surface is shown as the shaded area
in Figure 4.9. The fracture surfaces of the plate specimens were very similar in
several regions and characteristic examples of these regions are shown in
Figures 4.16 through 4.19.

The fracture surfaces have a variety of different

regions; smooth, rough, evidence of voids, and evidence of ductile tearing. The
first two regions, the smooth and rough regions, show evidence of localized
melting. Figure 4.15 shows the characteristic features of the localized melted
areas found in the smooth and rough regions. The smooth region appears to
have been formed by the shaft of the penetrator while passing through the plate,
making the gouges seen in Figure 4.16. Figure 4.17 shows a typical “rough”
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region. The region shown in Figure 4.17 appears to have a ductile nature to the
deformation however the surface has been highly damaged by localized melting
and rub from the penetrator passing through the plate.

Figure 4.15 SEM Image of Locally Melted Fracture Surface

Figure 4.16 SEM Image of a Typical Smooth Region on the Plate Fracture
Surface
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Figure 4.17 SEM Image of a Typical Rough Region on the Plate Fracture
Surface
Figure 4.18 shows a typical region of voids on the plate fracture surface.
The evidence of voids is only present near the exit of the penetrator presumably
because the dimpled regions have been obscured in the other regions due to
subsequent localized melting and friction from the penetrator passing through the
plate. The last characteristic region is a region of ductile tearing as shown in
Figure 4.19. The regions which show evidence of voids and ductile tearing give
some information on the deformation behavior of the plate under ballistic impact.
The plate fracture surface appears to have failed in a ductile manner however no
conclusions can be drawn until the plug fracture surface has been observed.
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Figure 4.18 SEM Image of a Typical Region with Voids on the Plate Fracture
Surface

Figure 4.19

SEM Image of a Typical Region with Ductile Tearing on the Plate
Fracture Surface
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Using the characteristic regions shown in Figures 4.16 through 4.19, the
plate fracture surfaces have been summarized in Table 4.10. In Table 4.10, the
plate fracture surface is divided into four zones starting from the impact location
on the front surface and going to the back surface where the penetrator exited.
Based on the characteristic regions summarized in Table 4.10, no major trends
can be seen. The fracture surface of the all of the plates appears to have failed
in a ductile manner with all exhibiting voids or ductile tearing. The plate failure
mode cannot yet be determined until the fracture surface of the plugs is
examined.
Table 4.10

Summary of Plate Fracture Surfaces
0 to 25%
Plate
Fracture
Surface
Length
Smooth

25 to 50%
Plate
Fracture
Surface
Length
Rough

50 to 75%
Plate
Fracture
Surface
Length
Rough

75 to 100%
Plate
Fracture
Surface
Length
Dimples

Rough

Dimples

Dimples

Dimples

Dimples

Smooth and
Ductile
Tearing

Smooth and
Ductile
Tearing

Test #

Nose
Shape

Relative
Impact
Velocity

2

Flat

High

3

CRH .5

High

Smooth and
Rough

10

Flat

Low

Smooth

9

CRH .5

Low

Rough and
Ductile
Tearing

Smooth and
Rough
Rough and
Ductile
Tearing

The fracture surfaces of the separated plugs from each specimen were
also viewed in the SEM.

All of the separated plug fracture surfaces were

covered in voids with the exception of the plug of specimen #3. The separated
plug for specimen #3 was thinned so much during deformation that the fracture
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surface yielded no information on the presence of voids.

Characteristic

examples of the two void directions are shown in Figures 4.20 and 4.21. All of
the specimens were viewed in the same direction and the voids facing different
directions indicate what type of failure occurred. All of the plugs had embedded
sand after the impact and had to be sputter coated to reduce charging when
viewed in the SEM.

Figure 4.20 SEM Image of Typical “Up” Voids on the Separated Plug Fracture
Surface
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Figure 4.21 SEM Image of Typical “Down” Voids on the Separated Plug
Fracture Surface
Based on the two types of characteristic voids, the plug fracture surfaces
have been summarized in Table 4.11.

The plate/plug fracture mode was

determined by looking at direction of the voids on the plate fracture surface in
relation to the voids observed on the plug fracture surfaces. The plate fracture
surface characteristic regions shown in Table 4.10 were also compared to the
two types of characteristic voids shown in Table 4.11. The plate/plug fracture
mode was found to only rely on the penetrator nose geometry and not impact
velocity. The ductile shear plate/plug fracture mode was only observed with the
flat penetrators and the tensile tearing plate/plug fracture mode was only
observed with the CRH .5 penetrators.

85

Table 4.11
Test #

Summary of Separated Plug Fracture Surfaces

Relative
Nose Shape Impact
Velocity

Plug
Plate/Plug
Plug Void Plate Void
Fracture
Fracture
Direction Direction
Mode
Surface

2

Flat

High

Voids

Down

Up

3

CRH .5

High

*

*

Up

9

CRH .5

Low

Voids

Up

Up

10

Flat

Low

Voids

Down

Up

* Not observed/quantified

Ductile
Shear
*
Tensile
Tearing
Ductile
Shear

Based on the voids observed, the overall failure mode for all specimens
was ductile failure. For each of the plate/plug fracture surfaces examined, two
different types of microvoid coalescence were present: ductile shearing and
tensile tearing.

These results show that even at very high strain rates, the

material deformed in a very ductile manner.
4.5 OM
4.5.1 OM of As-received Material
OM of the as-received material is shown in Figure 4.22. The tan grains
are ferrite and the dark grains are martensite.
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Figure 4.22 Microstructure of As-received Material
Several important pieces of information were determined from the OM
images of the as-received material including:
The OM images show that the majority of the martensite grains are
located at ferrite grain boundaries.
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Banding is present locally in the as-received material near the
rolling surface however the bulk material displays a relatively
isotropic microstructure.
The percent martensite was determined to be approximately 16% in
the as-received material.

The martensite percent content was

determined from the average of multiple images.
The average ferrite grain size was determined to be 5.1 μm
(determined in accordance to ASTM 1181) and the maximum grain
size observed was 17.5 μm.
A large variation in ferrite grain sizes was observed.
A band of martensite was usually present in the center of the asreceived material.
4.5.2 OM of Deformed Microstructure
After the plate specimens were sectioned, mounted, polished, and etched,
they were viewed under an optical microscope.

Three images of each plate

specimens are shown in Figures 4.23 through 4.26.

An overview picture

provides a good indication of the total deformation and distribution. The center
band of martensite seen in each of the figures is a good indication of the total
deformation of each specimen.

This center band is initially oriented

perpendicular to the penetrator direction, however, at the fracture surface, the
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band rotates to be oriented in the same direction as the penetrator. The region
referred to as “Region B” in all of the figures shows the transition from
non-deformed grains to deformed grains. The region referred to as “Region C” in
all of the figures shows the deformation of the individual grains.
Specimens impacted with the flat penetrators show more elongated and
deformed grains than specimens impacted with the CRH .5 penetrators. The
microstructure of the specimens impacted by the flat penetrators is more
elongated as a result of ductile shearing than the microstructure of the
specimens impacted by the CRH .5 penetrators which experienced tensile
tearing.
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Region B
Region C
Figure 4.23 Plate Specimen #2 Following Impact with Flat Penetrator at High
Velocity (584 m/s). A) Overall Appearance of Plate Thickness with
Region B Shown in (B) and Region C Shown in (C)
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Region B
Region C
Figure 4.24 Plate Specimen #3 Following Impact with CRH .5 Penetrator at
High Velocity (643 m/s). A) Overall Appearance of Plate Thickness
with Region B Shown in (B) and Region C Shown in (C)
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Region B
Region C
Figure 4.25 Plate Specimen #10 Following Impact with Flat Penetrator at Low
Velocity (254 m/s). A) Overall Appearance of Plate Thickness with
Region B Shown in (B) and Region C Shown in (C)
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Region B
Region C
Figure 4.26 Plate Specimen #9 Following Impact with CRH .5 Penetrator at Low
Velocity (257 m/s). A) Overall Appearance of Plate Thickness with
Region B Shown in (B) and Region C Shown in (C)
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4.6 SEM
4.6.1 SEM of As-received Material
The as-received material was examined under the SEM.

Figure 4.27

shows an overview of the microstructure and Figure 4.28 shows a higher
magnification image of a typical martensite and ferrite grain structure.

Figure 4.27 Microstructure of As-received Material
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Figure 4.28 Close up of Ferrite (F) and Martensite (M) Grains in
As-received Material
4.6.2 SEM of Deformed Microstructure
The OM specimens were re-polished to remove the effects of etching and
then re-etched for viewing in the SEM.

The SEM images of the deformed

microstructure show several distinct deformation types.

The following

deformation types were observed:
A) Ferrite plastically deforming with martensite remaining un-deformed
(Figure 4.29)
B) Ferrite and martensite both plastically deforming (Figure 4.30)
C) Ferrite and martensite both plastically deforming with ferrite grain
refinement
C1) The refined ferrite grains exhibit sharply faceted faces in what
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appears to be flow lines approximately 0.5 μm wide (Figure 4.31)
C2) The refined ferrite grains exhibit long, relatively smooth faces
in what appears to be flow lines approximately 0.25 μm wide
(Figure 4.32)
D) Void formation (Figure 4.33)

Figure 4.29 Typical SEM Image of Ferrite (F) Plastically Deforming with
Martensite (M) Remaining Un-deformed (A)
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Figure 4.30 Typical SEM Image of Ferrite (F) and Martensite (M) both
Plastically Deforming (B)

Figure 4.31 Typical SEM Image of Refined Ferrite Grains with Sharply Faceted
Faces (C1)
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Figure 4.32 Typical SEM Image of Refined Ferrite Grains with Long, Relatively
Smooth Faces (C2)

Figure 4.33 Typical SEM Image of Void Formation (D)
98

The deformation types observed in Figures 4.29 through 4.33 have been
summarized in Table 4.12. In Table 4.12, the edge of the mounted samples is
divided into four zones starting from the impact location and going to where the
penetrator exited.

Since the type of deformation strongly depends on the

distance from the fracture surface, Table 4.12 has two rows per specimen to give
the micro-structural features in two ranges from the edge of the specimen.
Several observations can be made from Table 4.12.
The deformation types observed changed with impact velocity and not
nose geometry
The deformation type C1 (shown in Figure 4.31) was only observed in the
higher velocity tests and was prevalent throughout the fracture surface
The deformation type C2 (shown in Figure 4.32) was only observed in the
lower velocity tests and was prevalent throughout the fracture surface
Voids were found near the exit of the penetrator in all of the tests
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Table 4.12

Summary of Microstructure Observed near Edge of Impacted Plate

Test
#

Nose
Shape

Relative
Impact
Velocity

2

Flat

High

3

CRH .5

10
9

High

Flat

Low

CRH .5

Low

Approximate 0 to 25%
Distance
Fracture
from
Surface
Edge (μm)
Length
0 to 20
B

25 to 50%
Fracture
Surface
Length
B, C2

50 to 75%
Fracture
Surface
Length
C2

75 to 100%
Fracture
Surface
Length
C2

20 to 40

B

B, C2

C2

B, C2, D

0 to 20

B, C2

C2

C2

C2

20 to 40

B

B, C2

C2

C2, D

0 to 20

B

B, C1

B, C1

B, C1

20 to 40

A

B

B, C1

B, C1, D

0 to 20

B, C1

B, C1

C1

C1

20 to 40

B

B, C1

C1

C1, D

From the SEM images it is evident that some regions of the specimens
exhibit a loss of martensite at the edge of the fracture surface. This loss of
martensite can be attributed to de-carburization resulting from melting at the
fracture surface.
4.7 TEM
4.7.1 TEM of As-received Material
The as-received microstructure was viewed in the TEM using Bright Field
Images (BFI) and Selected Area Diffraction (SAD) patterns.

Representative

images of ferrite and martensite grains are shown in Figures 4.34 and 4.35,
respectively.

The SAD patterns could not distinguish between ferrite and

martensite due to similar lattice constants resulting from the very low carbon
content in the material (shown in Figure 2.15).
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(A)
(B) [113] Zone Axis
Figure 4.34 BFI (A) and SAD (B) Pattern of Ferrite Grains

(A)
(B) [111] Zone Axis
Figure 4.35 BFI (A) and SAD (B) Pattern of Martensite
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4.7.2 TEM of Deformed Microstructure
The deformed microstructure was examined under the TEM. A distinct
difference was seen in the microstructure of the high velocity impacts (tests 2
and 3) versus the lower velocity impacts (tests 9 and 10). The characteristic
microstructure of the high velocity impacts is shown in Figures 4.36 through 4.38.
Figure 4.37 is the same image as Figure 4.36 only with the grain boundaries
traced. Figure 4.36 shows evidence of twin-related martensitic-like plates (see
Figures 2.16 and 2.17 for comparison) which is more clearly seen in Figure 4.37.
The twin-related martensitic type plates are typically seen in materials shock
loading at high pressures. The high speed impacts in this study had pressures
which exceeded the minimum 13 GPa high pressure phase transformation as
shown in Table 4.4. These martensitic type plates may explain the smooth long
features which were evident Figure 4.32 in the SEM image. The martensitic type
plates in Figure 4.37 are the same size as the features shown in Figure 4.32.
Figure 4.38 also shows twinned martensite which is not typically seen in
martensite with low carbon contents, however, it is also commonly seen in shock
loaded materials.

102

(A)
(B) [111] Zone Axis
Figure 4.36 BFI Showing Evidence of Twin-related Martensitic Type Plates (A)
with Corresponding SAD Pattern (B)
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Figure 4.37 BFI Showing Evidence of Twin-related Martensitic Type Plates with
Grain Boundaries Highlighted from Figure 4.36
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Figure 4.38 BFI and SAD of Normal Martensite (A: [011] Zone Axis), Twinned
Martensite (B: [111] Zone Axis), and Ferrite (C: [013] Zone Axis)
Different characteristic features were found in the lower velocity impacts
as shown in Figures 4.39, 4.40, and 4.41. Figure 4.41 is the same image as
Figure 4.40 only with the grain boundaries traced. The TEM images of the lower
velocity test show very refined grains as evidenced by the ring pattern in the
corresponding SAD patterns shown in Figures 4.39 and 4.40.

The grain

boundaries are highlighted in Figure 4.41, giving an indication of the overall grain
size which range from approximately 30 nm to several microns. The grain size
variation found in Figures 4.39, 4.40, and 4.41 appear to match the grain sizes
shown in Figure 4.32 in the SEM image.
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(A)
(B)
Figure 4.39 BFI Showing Refined Grains (A) as Evidenced by Corresponding
SAD (B) Pattern
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(A)
(B)
Figure 4.40 Refined Grains Shown in BFI (A) as Evidenced by Corresponding
SAD (B) Pattern
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Figure 4.41 BFI of Refined Grains Shown in Figure 4.40 with Grain Boundaries
Highlighted
4.8 XRD
The as-received microstructure was analyzed for the martensite,
austenite, cementite, and ferrite phase contents. The results of a typical XRD
scan are shown in Figure 4.42.
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Figure 4.42 Typical XRD scan of As-received DP 600 Material
The peaks shown in Figure 4.42 are ferrite peaks. No martensite was
detected due to the very low carbon content of the martensite in the steel giving a
c/a ratio close to 1 as shown in Figure 2.15. The results of the ferritic phase with
the relative peak intensities and peak locations are shown in Table 4.13. The
results shown in Table 4.13 indicate a fairly random polycrystalline material as
seen by how close the relative intensities of the ferrite peaks matched the
powder diffraction file for ferrite.
Table 4.13

XRD Results of As-received Material

Powder Diffraction
20
File
As-received

(hkl)

(110)

(200)

(211)

(220)

2θ

44.674

65.022

82.334

98.948

I(f) (%)

100

13.7

24.4

7.8

2θ

44.716

64.987

82.310

98.901

I(f) (%)

100

11.0

33.1

8.2
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One ferrite and one austenite peak were scanned in the XRD for each
deformed plate and plug. The percent austenite content and the location of the
peaks are shown in Table 4.14. The retained austenite percent content was
calculated with Equation 3.7.

The XRD results indicate that the retained

austenite content was approximately 1.4% in the as-received material and not
observed following deformation. The austenite in DP steels is a typically a result
of processing and is a result of retained austenite that did not transform to
martensite. The retained austenite is located in the middle of martensite grains
as observed in OM and SEM images. When the material was highly strained, the
retained austenite was highly sheared and probably transformed to martensite
during deformation.
The peak shift shown in Table 4.14 indicates that the plugs have a tensile
residual stress and the exit of the plate has a compressive residual stress. The
XRD results in conjunction with the martensite content measured from the optical
images indicate that the total percent content of each phase is approximately:
82.4 wt. % ferrite, 16 wt. % martensite, 1.4 wt. % austenite, and less than
.2 wt. % other phases (i.e. cementite, pearlite, bainite, etc.).
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Table 4.14

XRD Results for the Plate Fracture Surface and Separated Plug

As-received Material
#2 Plate Fracture
Surface
#2 Separated Plug
#3 Plate Fracture
Surface
#3 Separated Plug
#9 Plate Fracture
Surface
#9 Separated Plug
#10 Plate Fracture
Surface
#10 Separated Plug

2θ Angle
Ferrite (200)
65.025

2θ Angle
Austenite (220)
74.355

2θ Angle
Austenite (%)
1.4

65.151

N/A

~0

64.919

N/A

~0

65.151

N/A

~0

64.925

N/A

~0

65.150

N/A

~0

64.912

N/A

~0

65.149

N/A

~0

64.897

N/A

~0

111

CHAPTER V
CONCLUSIONS
The high strain rate deformation of DP 600 produced some very
interesting observations and several conclusions can be drawn:
Independent of the penetrator nose geometry, the energy absorption of
the plate sharply increased with a small increase in average strain rate.
The flat penetrators were found to fail in a ductile shear mode and the
CRH .5 penetrators were found to fail in a tensile tearing mode.
The CRH .5 penetrators were found to be more effective at penetrating the
DP 600 plates than the flat penetrators. This is attributed to:
o A smaller hole was produced in the plate since the CRH .5
penetrators did not flair out as much as the flat penetrators. The
smaller hole meant that a smaller volume of material was absorbing
the impact.
o The ductile shearing failure mode (flat penetrators) deformed the
martensite grains more than the tensile tearing mode (CRH .5
penetrators) did.
The ferrite grains appear to “flow” around the harder martensite grains.
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The plates which were impacted with a lower velocity were found to
contain very small grains contained within “flow” lines.
The plates which were impacted with a higher velocity showed evidence of
twin-related martensitic type plates within “flow” lines. This phenomenon
is typically seen in shock loading.

Correspondingly the high speed

impacts had pressures which exceeded the minimum 13 GPa high
pressure phase transformation (α→ε).

These twin-related martensitic

plates can be attributed with the increase in energy absorption at higher
impact velocities.
The XRD results indicate that the retained austenite content was
approximately 1.4% in the as-received material and not observed following
deformation.

The retained austenite in the material appears to have

completely transformed during deformation leaving no detectable
amounts.
The small hard dispersed martensite grains in a soft ferritic matrix allow for
high total elongations (especially at the higher temperatures which occur
during the deformation process). The high elongation to failure largely
contributes to the energy absorption of the plate.
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CHAPTER VI
RECOMMENDATIONS FOR FUTURE WORK
The data collected from the ballistics results and from the micro-structural
analysis can be used in future studies. Several recommended follow-up studies
are:
1) Data presented would complement Finite Element Analysis studies to
develop models to simulate micro-structural response to impact of DP steels.
The deformation results from the plate and penetrators along with the impact and
residual velocity results could be used to fine tune material constants needed for
an FEA model.
2) Additional ballistics test could be conducted on different grades of DP
steels to see if the large increase in energy absorption over a small increase in
average strain rate changes with increasing martensite content.
3) The effects of alloying elements on the ε-phase transformation pressure
could be studied in order to custom tailor the energy absorption capabilities of the
α→ε phase transformation for a particular application.
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APPENDIX A
SAND PENETRATION MODEL
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The calculation for initial velocity of the penetrator is summarized here for
completeness. A more complete discussion can be found elsewhere (ref. 32).
The depth into the sand is related to the initial velocity, size, nose geometry, and
mass of the penetrator. Coarse foundry sand was used in the testing since it had
previously been characterized and an analytical model derived for the
penetration depth into sand of the penetrator as a function of initial velocity.32
The sand penetration equations can predict the three different stages of
penetration:
1) Partial immersion of nose
2) Partial immersion of shank
3) Full immersion of shank
A simplified version of the sand penetration model will be summarized
here and will only cover the third stage of penetration. In order to calculate the
third stage of penetration, the results from the other stages are needed. The
calculation of the final penetration depth into the sand requires the following
velocities:
v0 – initial velocity of the penetrator before hitting the sand
v1 – transition velocity between stage 1 and 2 of penetration
v2 – transition velocity between stage 2 and 3 of penetration
The final penetration depth into the sand (S) is given by Equation 1.32 The
penetration is related to the initial velocity (vo) through Equations 2, 3, and 4.32
The two variables of interest are the penetration depth and the initial velocity.
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(1)

(2)

(3)

(4)
The equations needed to calculate the initial velocity from the penetration
depth require other variables and constants which are shown in Equations 5
through 10.32 These equations are substituted into Equations 1 through 4.

(5)

(6)

(7)

(8)

(9)
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(10)
Where the variables have the following meanings:
C1 – constant of integration
a – penetrator body radius
b – penetrator nose radius
L – length of penetrator
m – mass of penetrator
r – the radius of the penetrator nose as a function of distance from the tip
of the penetrator as shown in Figure 1
γ0, γ1, γ2, γ3 – constants for coarse foundry sand as shown in Table 1
μ0, μ1 – dimensionless coefficients of friction (μ0 = 0 and μ1 = .02 for
coarse sand)32
R – is a constant “target strength factor” (for the sand) which has the
dimensions of pressure (R = 5 MPa for coarse sand)32
ρt – the density of the sand

Figure 1

Half-section of a Typical Penetrator Axisymmetric Nose in a
Coordinate System32
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Table 1
γ0
0.66

Summary of the γ Coefficients for Coarse Foundry Sand32
γ1
0.397

γ2
0.14

γ3
0

The nose radius as a function of distance from the tip of the penetrator is
used in many of the equations, such as in Equation 4 and Equations 6 through 9.
The equation of the radius of the CRH .5 penetrator as a function of x is given in
Equation 11. For the flat nosed penetrator (where b = 0), Equations 7, 8, and 9
become N = 1 and M = K = 0.32
r(x) = (a2 – (x – b)2).5 (for CRH .5)
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(11)

